
INTRODUCTION

Phosphoinositide 3′-kinase (PI3-K) activity induced by growth
factor activation of several cell surface receptors leads to the
production of the membrane lipids phosphatidylinositol-
3-phosphate (PtdIns(3)P), PtdIns(3,4)P2 and PtdIns(3,4,5)P3.
PI3-K is a heterodimer consisting of a regulatory and a
catalytic subunit. Recently several isoforms of both the
regulatory and catalytic subunits of PI3-K have been identified.
The catalytic subunits p110 α, β, and δ have been shown to be
associated with p85α, p85β and p55γ adapter proteins which
mediate activation by protein tyrosine kinase receptors (Hiles
et al., 1992; Hu et al., 1993; Vanhaesebroeck et al., 1997b).
The p110γ isoform, in contrast, binds to a p101 adapter protein
and is associated with and activated by βγ subunits of G
proteins (Stephens et al., 1994; Stoyanov et al., 1995). The
p110β subunit has also been found to be activated by the βγ
subunits of G proteins (Kurosu et al., 1997). The p110α and
p110β isoforms are both widely expressed whereas the p110δ
subunit is predominantly expressed in haematopoietic cells.
The p85 subunit contains a wide range of domains involved in
protein-protein interactions (Cohen et al., 1995). These include
an N-terminal Src homology-3 (SH3) domain, two SH2
domains, two proline-rich regions, a region related to the break

point cluster region (bcr) gene, and an inter-SH2 domain
involved in interaction with p110 and regulation of its kinase
activity (Carpenter et al., 1993; Klippel et al., 1994).

Binding of platelet-derived growth factor (PDGF) isoforms
to their tyrosine kinase receptors causes receptor dimerization
leading to autophosphorylation of the receptors on specific
tyrosine residues (for review see Heldin et al., 1998). These
phosphorylated tyrosine residues then serve as binding sites for
many SH2 domain containing proteins (Claesson-Welsh,
1994), such as the p85 subunit of PI3-K which binds to tyrosine
residues 740 and 751 in the PDGF β-receptor (Carpenter et al.,
1993; Fantl et al., 1992; Kazlauskas et al., 1992). The binding
of p85 to these two tyrosine residues, which are localized in
YXXM motifs that are known to be optimal for PI3-K binding,
probably leads to an activating conformational change in the
catalytic p110 subunit and also brings the PI3-K heterodimer
in contact with its lipid substrates.

PI3-K has been implicated as an important mediator of many
PDGF-induced cellular responses, such as prevention of
apoptosis (Yao and Cooper, 1995), as well as stimulation of
mitogenesis (Roche et al., 1994), actin reorganization and
chemotaxis (Hooshmand-Rad et al., 1997; Kundra et al., 1994;
Nobes et al., 1995; Wennström et al., 1994a,b). PDGF receptor
mutants lacking the tyrosines involved in PI3-K binding are
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Phosphoinositide 3′-kinases constitute a family of lipid
kinases implicated in signal transduction through tyrosine
kinase receptors and heterotrimeric G protein-linked
receptors. Phosphoinositide 3′-kinases that bind to the
platelet-derived growth factor receptor are composed of
two subunits: the p85 subunit acts as an adapter and
couples the catalytic p110 subunit to the activated receptor.
There are different isoforms of p85 as well as of p110, the
individual roles of which have been elusive. Using
microinjection of inhibitory antibodies specific for either
p110αα or p110ββ we have investigated the involvement of the
two p110 isoforms in platelet-derived growth factor- and

insulin-induced actin reorganization in porcine aortic
endothelial cells. We have found that antibodies against
p110αα, but not antibodies against p110ββ,, inhibit platelet-
derived growth factor-stimulated actin reorganization,
whereas the reverse is true for inhibition of insulin-induced
actin reorganization. These data indicate that the two
phosphoinositide 3′-kinase isoforms have distinct roles in
signal transduction pathways induced by platelet-derived
growth factor and insulin.
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unable to mediate membrane ruffling and chemotaxis. These
responses are also inhibited by low molecular mass inhibitors
of PI3-K activity such as wortmannin and LY294002. The
inhibition of membrane ruffling is overcome by introduction
of constitutively active Rac, a member of the Rho family of
small GTPases, suggesting that Rac acts downstream of PI3-K
in signaling pathways leading to reorganization of actin and
chemotaxis (Hooshmand-Rad et al., 1997; Wennström et al.,
1994b). 

The insulin receptor also belongs to the family of receptor
protein tyrosine kinases. Activation of the receptor kinase by
ligand binding results in the rapid phosphorylation of
substrates, such as insulin receptor substrate-1, to which
PI3-K is recruited. PI3-K has been shown to play a major
role in insulin-induced actin rearrangements (Kotani et al.,
1994), DNA synthesis (Cheatham et al., 1994; Frevert
and Kahn, 1997; Jhun et al., 1994; McIlroy et al., 1997),
and differentiation (Kaliman et al., 1998; Tomiyama et al.,
1995).

In the present study we have investigated the possibility that
p110α and p110β have different functions in signaling from
the PDGF β-receptor and insulin receptor with respect to actin
rearrangement, by analysis of the effects of microinjection into
target cells of inhibitory antibodies specific for either p110α
or p110β. 

MATERIALS AND METHODS

Antibodies
Synthetic peptides corresponding to the 15 C-terminal amino acid
residues of p110α and p110β (K M D W I F H T I K Q H A L N and
K V N W M A H T V R K D Y R S, respectively) were coupled to
keyhole limpet hemocyanin (KLH, Calbiochem). The peptides and
KLH were mixed at equal concentrations (0.5 mg/ml) in 0.1 M sodium
acetate, pH 5.0, for 12 hours at 4°C. Ethyldimethylcarbodiimid (EDC;
Sigma) was added to a final concentration of 20 mg/ml and the
samples were mixed for 12 hours at 4°C. The samples were then
dialyzed against 0.1 M sodium acetate, pH 5.0, and used for
immunization of rabbits. The resulting antisera were affinity purified
on Affigel (Bio-Rad) columns to which the corresponding peptides
had been coupled. Using 50 mM glycine, pH 3.0, for elution, fractions
containing specific antibodies were collected and neutralized by
addition of 1 M Tris, pH 7.4, followed by extensive dialysis against
phosphate buffered saline (PBS). Antibodies were concentrated using
Centricon concentrator spin columns, cut off 10 kDa (Amicon), and
sterile filtered. Immunoglobulin fractions from preimmune sera were
isolated on Protein A-Sepharose columns and thereafter eluted and
dialyzed as the antisera.

Radioactive labeling and immunoprecipitation
Porcine aortic endothelial (PAE) cells expressing wild-type PDGF β-
receptors (PAE/PDGFR-β) were labeled in cysteine- and methionine-
free MCDB 104 medium containing 100 µCi/ml each of [35S]cysteine
and [35S]methionine (Amersham Pharmacia Biotech) for 3 hours at
37°C. Labeled cells were washed with ice-cold PBS and lysed in a
Triton-based lysis buffer (0.5% Triton X-100, 0.5% deoxycholate
(Merck), 20 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 10 mM EDTA, 1%
Trasylol (Bayer) and 1 mM phenylmethylsulfonyl fluoride (Sigma)).
The lysates were centrifuged at 10000 g for 15 minutes and the
supernatants were incubated with p110α or p110β preimmune serum
or affinity purified antiserum for 2 hours at 4°C. In indicated cases
the antiserum was incubated with 200 µM of the peptide used for
immunization at 37°C for 30 minutes prior to addition of cell lysate.

The immune-complexes were bound to Protein A-Sepharose by
incubation for 30 minutes at 4°C. The beads were washed three times
with lysis buffer and 3 times with high salt buffer (0.5% Triton X-
100, 0.5% deoxycholate, 20 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 10
mM EDTA), and once in distilled water. The immune complexes were
eluted from the beads by boiling for 3 minutes in sample buffer (4%
SDS, 0.2 M Tris-HCl pH 8.0, 0.5 M sucrose, 5 mM EDTA, 0.01%
bromophenol blue (Merck), 3% β-mercaptoethanol) and analyzed by
SDS-gel electrophoresis using 7% polyacrylamide gels, followed by
fluorography and exposure to film. 

Western blotting 
PAE cells expressing wild-type PDGF β-receptors were grown to
subconfluence in Ham’s F12 medium supplemented with 10% FCS.
Thereafter, the cells were washed with ice-cold PBS containing 100
µM orthovanadate, and lysed in Nonidet P-40 (NP-40, United States
Biochemical) lysis buffer (1% NP-40, 20 mM Hepes, pH 7.5, 150 mM
NaCl, 10% glycerol, 1% Trasylol and 1 mM phenylmethylsulfonyl
fluoride) on ice for 10 minutes. Clarified cell lysates were incubated
with p110α or p110β antiserum in the presence and absence of
blocking peptide as described above, and immune complexes were
separated by SDS-gel electrophoresis. Proteins were transferred to
Hybond C extra filters (Amersham Pharmacia Biotech) using
electrotransfer (Trans-Blot Cell; Bio-Rad, Hercules, CA) and blotted
with antiserum against p110α or p110β, or monoclonal antibodies to
phosphotyrosine (PY20). 

PI3-K assay
Recombinant proteins p85α/p110β and p85α/p110α were expressed
in baculovirus infected cells (B. Vanhaesebroeck et al., unpublished
data), and immobilized on the (p)YVPMLG (pY=phosphorylated
tyrosine) peptide coupled to Actigel ALD Superflow (Sterogene),
washed in kinase buffer (20 mM Tris-HCl, pH 7.4, 100 mM NaCl,
0.5 mM EGTA) and incubated for 30 minutes at room temperature in
the absence or presence of affinity purified peptide antibodies or
Protein A-Sepharose purified antibodies from preimmune sera.
Following addition of sonicated phosphatidylinositol (10 µg), Mg2+

(10 mM), ATP (1 mM), and [γ32P]ATP (10 µCi), the lipid kinase assay
was performed for 10 minutes at 37°C. The lipid products were
separated by thin layer chromatography and detected by
autoradiography. The amount of 32P activity in each spot was
quantified using a bioimager (Fuji). 

Microinjection
PAE/PDGFR-β cells cultured on coverslips in Ham’s F12 medium
supplemented with 10% FCS were serum-starved overnight and
microinjected with affinity purified antibodies at final concentrations
of 1-2 mg/ml or PBS together with either lysine fixable, dextran-
conjugated fluorescein 10,000 MW, or lysine fixable, dextran-
conjugated Oregon Green 10,000 MW (Molecular Probes) at final
concentrations of 0.05%. Eppendorf microinjection devices were used
with a constant pressure of about 50 hPa, injection pressure of 100
hPa and an injection time of 0.1-0.2 seconds. The cells were then
returned to the incubator to recover for 20-30 minutes before
further treatment. For PDGF-stimulation purposes, 181 cells were
microinjected with antibodies against p110α, 176 cells with
antibodies against p110β and 147 cells with PBS. For insulin-
stimulation purposes, 257 cells were microinjected with antibodies
against p110α, 242 cells with antibodies against p110β and 217 cells
with PBS. Approximately 60 cells were microinjected per coverslip
in each case. 

Visualization of filamentous actin
Microinjected cells were treated with 100 ng/ml PDGF-BB for 5
minutes at 37°C or 1 µM insulin for 8 minutes at 37°C before fixation
in 2% formaldehyde. Control cells were fixed directly after recovery.
After fixation the cells were permeabilized with 0.1% Triton X-100
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in PBS, and incubated with TRITC-conjugated phalloidin (0.6 µM;
Sigma) for 10-60 minutes before mounting. 

RESULTS

The antibodies raised against p110α and p110β are
isoform specific
To analyze the specific roles of p110α and p110β PI3-K in
PDGF receptor mediated signaling, peptide antisera were
raised against the extreme C-termini of the p110 isoforms, as
described in Materials and Methods. The ability of the affinity
purified antibodies to precipitate the respective p110 isoforms
was investigated using lysates of 35S-labelled PAE/PDGFR-β
cells. Both the p110α and p110β antibodies precipitated
components of 110 and 85 kDa that were not recognized by
the preimmune sera and which could be competed out upon
preincubation of the antiserum with the corresponding
immunizing peptides (Fig. 1). The 85 kDa component
comigrated with a component precipitated by an antiserum
against the p85 subunit of PI3-K (data not shown). These data
indicate that the antibodies against p110α and p110β both
recognize components of the expected size of 110 kDa, which
most likely are associated with the regulatory p85 subunit of
PI3-K. In addition, several other components of 160, 125 and
92 kDa were precipitated with both the p110α and p110β
antibodies which could be efficiently competed out in the
presence of inhibitory peptides. We have not further identified
these proteins but they may represent splice variants of the
p110 subunits, related proteins or proteins which associate with
the p85 and/or the p110 subunits.

To characterize the specificity of the p110 antisera, lysates

from unstimulated or PDGF-BB-stimulated PAE/PDGFR-β
cells, were incubated with either preimmune sera or antisera
against p110α or p110β in the presence and absence of the
peptides used for immunization. The resulting immune
complexes were analyzed by immunoblotting with monoclonal
antibodies to phosphotyrosine (PY20), and subsequently with
antisera against p110α or p110β. As seen in Fig. 2, the p110α
antiserum precipitated p110α, which in PDGF-stimulated cells
formed a complex with the PDGF β-receptor, as detected by
the anti-phosphotyrosine antibodies. Neither p110α, nor the
190 kDa PDGF β-receptor were detected by the preimmune
antiserum, or when the p110α antiserum was preincubated
with the peptide used for immunization. When using
anti-p110α antiserum in the subsequent blotting of the same
filter, bands corresponding to p110α were detected only when
using immune, unblocked serum. Immunoblotting with the
antiserum against p110β revealed no specific reactivity with
the p110α immunoprecipitates.

Immunoprecipitation using the p110β antiserum showed
complex-formation between p110β and the PDGFβ-receptor
in PDGF-BB treated cells, as detected by the anti-
phosphotyrosine antibodies. Precipitation with preimmune
serum, or blocked p110β antiserum, followed by
immunoblotting with PY20, failed to visualize the PDGF
β-receptor or p110β. There was no reactivity in the subsequent
immunoblottings with either p110α or p110β antisera.

These data show that both antisera against p110α and p110β
work well in immunoprecipitation and that both p110 subunits

Fig. 1. Immunoprecipitation using affinity purified antibodies against
p110α and p110β. PAE/PDGFR-β cells were labeled with
[35S]cysteine and [35S]methionine. The lysates were incubated with
p110α or p110β preimmune sera or affinity purified antibodies in the
presence or absence of blocking peptide, as indicated, and the
immune complexes were analyzed by SDS-gel electrophoresis and
fluorography. Arrows indicate the migration position of p110 and
p85. Markers of molecular masses (kDa) are indicated. ip,
immunoprecipitation.

Fig. 2. The PDGF receptor associates with both p110α and p110β.
PAE/PDGFR-β cell lysate from cells treated with PDGF-BB (+) or
not (-) were incubated with either preimmune sera or antisera against
p110α or p110β in the presence and absence of blocking peptide as
indicated. The resulting immune complexes were separated by SDS-
gel electrophoresis. Proteins were transferred to filters and probed
with antibodies against phosphotyrosine, p110α or p110β, as
indicated. The position of the PDGF β-receptor is indicated by an
arrow. The markers of molecular masses (kDa) are indicated. ip,
immunoprecipitation; ib, immunoblot. 
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form complexes with the activated PDGF β-receptor.
Moreover, whereas the p110β antiserum is unsuitable for
blotting, the p110α antiserum reacts in an isoform-specific
manner and detects p110α, but not p110β, in immunoblotting.

The p110α and p110β antibodies inhibit the lipid
kinase activity of PI3-K
The inhibitory effect of the p110 antibodies on PI3-K activity
was then investigated (Fig. 3). Recombinant p85α/p110α or
p85α/p110β proteins, bound to a peptide corresponding to the
Tyr751 PI3-K binding motif of the PDGF β-receptor, were
analyzed in a PI3-K assay in the presence of preimmune serum
or affinity purified antibodies. The p110α antibodies reduced
the lipid kinase activity of the p110α PI3-K drastically, with
only 1 to 4% of the activity remaining. The p110β antibodies
lowered the lipid kinase activity down to about 17% of the
value obtained after incubation with preimmune serum. The
antisera showed specificity for the individual isoforms; the
p110α antibodies had no effect on p110β activity, and the
p110β antibodies had no effect on p110α activity.

Inhibition of p110α, but not p110β, affects PDGF-
mediated actin reorganization in PAE cells 
The inhibitory effect of the antibodies provided tools to
study the involvement of p110α and p110β in biological
responses in PAE cells. We first studied PDGF-induced actin
reorganization which has been reported to be mediated via PI3-
K-dependent pathways (Wennström et al., 1994a,b). PAE/
PDGFR-β cells seeded onto coverslips were microinjected
with PBS or with antibodies against either of the α- or
β-isoforms of p110. After recovery, the cells were treated with
PDGF for 5 minutes, fixed and stained for filamentous actin
with TRITC-conjugated phalloidin. The p110α antibodies
inhibited both the formation of edge ruffles and the loss of
stress fibers typically seen after PDGF stimulation of
PAE/PDGFR-β (Wennström et al., 1994b; Fig. 4A,B). Of the
non-injected cells, 72% (1078 of 1479) responded to the
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Fig. 3. The antibodies against p110α and p110β specifically inhibit
the lipid kinase activity of the PI3-K isoform they were raised
against. Recombinant p85α/p110α or p85α/p110β, bound to a
peptide corresponding to the PI3-K binding motif of the PDGF β-
receptor, were analyzed in a PI3-K assay in the presence of
preimmune antisera or affinity-purified antibodies against p110α and
p110β. The data are presented as percentage of PI3-K activity
remaining after addition of antibodies, compared with activity
obtained after addition of preimmune serum. PI3-K activity was
determined by measuring the 32P incorporated into the PI(3)P
product using Bioimager analysis.

Fig. 4. Microfilament distribution
in PAE/PDGFR-β after
microinjection of antibodies
against the α- and β-isoforms of
p110. Twenty minutes after
microinjection, cells were
stimulated with 100 ng/ml PDGF-
BB for five minutes followed by
fixation and TRITC-conjugated
phalloidin staining of filamentous
actin (A,C,E). The green
fluorescent marker (FITC-dextran;
B,D,F) shows the injected cells.
Cells which received antibodies
against p110α (A,B) lack the
typical edge-ruffles seen in cells
injected with antibodies against
p110β (C,D), or with PBS (E,F),
and still display prominent stress
fibers. Bars, 20 µm.
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PDGF-exposure with typical changes of their microfilament
distribution. In contrast, of 181 cells injected with p110α
antibodies only 30% displayed PDGF-induced reorganization.
Of 147 cells injected with PBS, 58% showed PDGF-induced
actin reorganization i.e. a slightly lower fraction compared to
non-injected cells; the difference may be due to mechanical
damage of some cells during the microinjection. The p110β
antibodies were injected into 176 cells, of which 55% showed
a microfilament distribution typical for PDGF-stimulated cells.
Therefore, in contrast to the results obtained with the p110α
antibodies, the effect of the p110β antibodies (Fig. 4C,D) could
not be distinguished from the effect seen after microinjection
of PBS (Fig. 4E,F) or preimmune serum (data not shown). This
suggests that the α-isoform of p110 is involved in signaling
from the PDGF β-receptor to the microfilament system, while
p110β is not essential for this pathway.

Inhibition of p110β, but not p110α affects insulin-
mediated actin reorganization in PAE cells
Rearrangement of actin also takes place in many cell types after
insulin stimulation (Shepherd et al., 1997) and results in
ruffling and debundling similar to what is seen after PDGF
stimulation. To study the involvement of the p110α and p110β
isoforms in insulin-induced actin dynamics, p110α and p110β
antibodies were microinjected into PAE/PDGFR-β cells that
were then stimulated with insulin for 8 minutes at 37°C
(Fig. 5). After recovery, filamentous actin was visualized, as
described above. In this case, inhibition of p110β (Fig. 5C,D)
led to loss of ruffling activity induced by insulin in
approximately 70% of microinjected cells, whereas only
approximately 20% of microinjected cells showed decreased
edge ruffling when microinjected with antibodies
against p110α (Fig. 5A,B) or PBS (Fig. 5E,F).
Microinjection of p110β antibodies caused a
decrease but not a complete loss of stress fibres
(Fig. 5C). Therefore, it appears that the effect of
insulin stimulation on the actin organization in
these cells is dependent on the β-isoform of p110.
Together these findings indicate a differential
involvement of p110α and p110β in PAE/PDGFR-
β cells with respect to actin reorganization
depending on which of the two growth factor
receptors that is activated. 

DISCUSSION

Lipids phosphorylated at the 3′ position of the
inositol ring have been shown to have important
roles in signal transduction pathways downstream
of almost every activated receptor complex
involving tyrosine kinases and some heterotrimeric
G-proteins (Fry, 1994; Stephens et al., 1993). In
particular, PI3-K dependent processes have been
shown to cause reorganization of the microfilament
system (Wennström et al., 1994a,b). In this study
we have investigated the roles of two of the most
widely expressed p110 catalytic subunits of the
PI3-K, namely p110α and p110β, in mediating
PDGF- and insulin-induced actin reorganization.
By microinjecting specific, inhibitory antibodies

towards either p110α or p110β we have been able to disrupt
the signaling capacity of one isoform without disturbing the
other, and thereby identified unique pathways in which the
isoforms are involved. Our data suggest that PDGF- and
insulin-induced membrane ruffling are maintained by
differential involvement of p110α and p110β, such that p110α
but not p110β is important for PDGF-induced rearrangement
of the cytoskeleton, whereas p110β but not p110α is important
for insulin-induced actin reorganization.

In the submembraneous space of eukaryotic cells the
microfilament system forms a dense and highly ordered
arrangement of actin filaments and accessory proteins
(Höglund et al., 1980; Small, 1981; Small et al., 1999). The
dynamics of the actin filament arrangement, controlled by actin
binding proteins like profilin, cofilin and gelsolin (Ayscough,
1998), causes the rapid changes in cell morphology that
activated cell surface receptors give rise to (Chinkers et al.,
1979; Mellström et al., 1983) and appears to be closely
associated with polyphosphoinositide turn-over (Cantrell,
1998; Hartwig et al., 1995). In vitro studies have shown that
profilin influences PLCγ-induced hydrolysis of PI(4,5)P2
(Goldschmidt-Clermont et al., 1990, 1991), dissociates from
actin upon binding of polyphosphoinositides (Lassing and
Lindberg, 1985; Lu et al., 1996), and stimulates PI3-K activity
(Singh et al., 1996).

There are previous observations suggesting that the PI3-K
isoforms have distinct functions; the p110α subunit has been
shown to be involved in PDGF-, insulin- and EGF-mediated,
but not in bombesin- or lysophosphatidic acid (LPA)-mediated,
mitogenic responses (Roche et al., 1994). Recently it has been
shown that p110β is necessary for insulin- and LPA-mediated,

Fig. 5. Microinjection of p110β antibodies but not p110α antibodies affects
insulin-mediated actin reorganization in PAE cells. PAE/PDGFR-β cells seeded
onto coverslips were microinjected with either p110α antibodies, p110β antibodies
or with PBS, and left to recover for 20-30 minutes. Cells were then treated with
insulin for 8 minutes at 37°C and thereafter fixed and stained with TRITC-
conjugated phalloidin to visualize the actin cytoskeleton. The green fluorescent
marker (Oregon Green-dextran; B,D,F) indicates injected cells. Cells which
received antibodies against p110β (C,D) lack the typical edge-ruffles seen in cells
injected with antibodies against p110α (A,B), or with PBS (E,F). Bar, 20 µm.
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but not PDGF-mediated, mitogenic responses (Roche et al.,
1998). In contrast to our results, Siddhanta et al. (1998) have
shown that microinjection of p110α antibodies blocks insulin-
stimulated membrane ruffling. This apparent discrepancy may
in part be due to the use of different cell lines; the cells used
by Siddhanta et al. (1998) overexpress the insulin receptor
whereas the PAE cells used in this study express endogenous
levels of the insulin receptor. Recently, it has been shown that
CSF1-induced DNA synthesis is dependent on p110α activity
but not on p110β or p110δ activity. Conversely, p110β and
p110δ, but not p110α, are involved in CSF1-induced actin
reorganization and migration (Vanhaesebroeck et al., 1999a).
In addition, the expression level of the p85α adapter subunit
decreased in response to metabolic changes, whereas those of
the adapter proteins p50 and p55 increased (Kerouz et al.,
1997). There are also data indicating insulin-induced
association of p110β (but not p110α) with glucose-transporter
containing compartments (Wang et al., 1998). Furthermore,
p110β and p110δ, but not p110α are recruited to the plasma
membrane upon redox activation of Ras (Deora et al., 1998),
and Rab5 binds human Vps34 and p110β, but not p110α
(Christoforidis et al., 1999). There is therefore increasing
evidence that different PI3-K isoforms have different roles in
signaling. 

The mechanisms whereby specific PI3-K isoforms
preferentially becomes involved in different signaling
pathways still remains to be elucidated. It is possible that the
activated PDGF and insulin receptors are differentially
compartmentalized together with the specific p110 isoforms
that mediate their effects. There are data showing that the
diverse responses mediated by PDGF- versus insulin-induced
PI3-K activity are associated with differences in subcellular
localization of the respective growth factor-receptors (Corvera
and Czech, 1998; Nave et al., 1996). However, this does not
explain the reason for the involvement of one PI3-K isoform,
rather than the other, in specific growth factor-mediated
changes of actin organization. There are no apparent difference
in the subcellular localization of two of the PI3-K isoforms,
p110α and p110δ, in macrophages (C. Wells, B.
Vanhaesebroeck and A. J. Ridley unpublished data). It is,
however, not known whether p110α and p110β are
differentially localized. Selective recruitment of PI3-K p110
isoforms has been excluded in studies involving the receptors
for CSF-1, c-kit, IL3, GM-CSF and CD28 (Vanhaesebroeck et
al., 1997b, 1999a). Despite this, CD28 stimulation of Jurkat
cells has opposing effects on the lipid kinase activity of p110β
and p110δ (Vanhaesebroeck et al., 1999b) indicating that
growth factor receptors and other signals downstream of these
receptors, may induce specific p110 isoform responses.
Another potential explanation for the differences in
involvement of the PI3-K catalytic isoforms is differential
interaction with the regulatory adapter proteins. However, there
are no indications of differential association between the
regulatory subunit isoforms p85α and β, and the catalytic
subunit isoforms p110α, β and δ (Vanhaesebroeck et al.,
1997a) although the relative in vivo affinities of these
interactions are not known. There are data suggesting that the
adapter proteins associate with insulin-induced signaling
complexes in the relative order of p50>p85α>p55α (Antonetti
et al., 1996; Inukai et al., 1997; Shepherd et al., 1997).
Examples of p85 binding proteins, besides the catalytic

subunits, are the actin binding proteins profilin and α-actinin,
the adaptor Grb2, the proto-oncogene Cbl, the tyrosine kinase
p125FAK and Src family members of tyrosine kinases
(Guinebault et al., 1995; Hunter et al., 1997; Liu et al., 1993;
Pleiman et al., 1994; Shibasaki et al., 1994; Singh et al., 1996;
Wang et al., 1995; Yuan et al., 1997). Different p85 adapter
proteins and splice variants of these can bind to specific subsets
of downstream elements thereby contributing to specific
cellular responses. 

In conclusion, this paper illustrates that the functions of the
catalytic p110α and p110β subunits during PDGF and insulin
stimulation are not fully redundant. Rather, each isoform
appears to be specifically engaged in mediating changes in
actin reorganization induced by one receptor but not the other.
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